Introduction {#S0001}
============

Colorectal cancer (CRC) is the second most common cancer in women and the most common cancer in men worldwide.[@CIT0001] With changes in life styles and nutritional habits, the incidence and mortality rates of CRC in China have increased gradually in recent years.[@CIT0002] The effective treatments for CRC are surgery, radiation, and chemotherapy in various combinations, but patients still typically have a poor prognosis, resulting in severe side effects, such as nausea, vomiting, weight loss, and anemia.[@CIT0003] Therefore, there is an urgent need to explore novel therapeutic agents for the treatment of CRC patients.

Increasing evidence has indicated that fungi polysaccharides possess various biological activities, including anti-tumor,[@CIT0004] anti-inflammatory,[@CIT0005] and immunopotentiation[@CIT0006] functions. Fungi polysaccharides, with no or poor toxicity, have attracted much attention in medical research. *R. nigricans*, a zygomycete filamentous fungus, is widely used in the pharmaceutical industry for processes such as biotransformation and production of organic acids.[@CIT0007] We previously reported that the exopolysaccharide (EPS1-1), isolated from the fermentation broth of *R. nigricans*, is a 9682 Da consisting of glucose, mannose, galactose, and fructose in β-anomeric configuration in the molar ratio of 5.89:3.64:3.20:1.00.[@CIT0008] Previous studies showed that EPS1-1 could induce apoptosis in HCT-116 colon cancer cells through the mitochondrial pathway[@CIT0008] and significantly inhibit the occurrence and development of AOM/DSS-induced colorectal cancer in mice.[@CIT0009] In addition, EPS1-1 also possesses immuno-enhancing activities.[@CIT0010] However, mechanistic studies aiming to understand EPS1-1-mediated metabolic alterations in colon cancer leading to cancer prevention have not been reported till date.

In recent years, metabolomics has emerged as a powerful tool for exploring metabolites (with molecular weight \<1000 Da) and to characterize the metabolic phenotype of a biological system. It presents great potential for the investigation of perturbed metabolic profiles in tumor studies, prognostic or predicative interpretation of cancer status, and exploring the mechanisms of cancer drug intervention.[@CIT0011],[@CIT0012] With the emergence of liquid chromatography-mass spectrometry (LC-MS/MS)-based metabolomics, it is possible to profile and even quantify the metabolites found in a pathway. Metabolites have been applied widely in studies of CRC,[@CIT0013] breast cancer,[@CIT0014] lung cancer,[@CIT0015] bladder cancer,[@CIT0016] oral cancer,[@CIT0017] prostate cancer,[@CIT0018] pancreatic cancer,[@CIT0019] and so on. In this study, to investigate the metabolic profiles and potential biomarkers in a mouse model of AOM/DSS-induced CRC, LC-MS/MS-based metabolomics was used. Moreover, the effects of EPS1-1 against carcinogenesis and on the metabolic profile were also detected by this strategy. Our findings provide new insights into the diagnosis of cancer at the metabolic level and help to identify the underlying molecular mechanisms of EPS1-1 treatment.

Materials and Methods {#S0002}
=====================

Chemicals and Reagents {#S0002-S2001}
----------------------

Azoxymethane (AOM) was purchased from Sigma Aldrich (St. Louis, MO, USA). Dextran sulfate sodium salt (DSS) was obtained from Yuanye Tech. Co. Ltd (Shanghai, China). DEAE Sepharose Fast Flow, Sephadex G-100, and Sephadex G-75 columns were purchased from GE Healthcare Life Sciences (Sweden). Methanol, fatty acids, ammonium acetate, cellulose acetate nitrate, and l-2-chlorophenylalanine were supplied from Dingguo Corp (Beijing, China).

Preparation of Exopolysaccharide (EPS1-1) {#S0002-S2002}
-----------------------------------------

*R. nigricans* was isolated from straw and preserved in the Laboratory of Biomass Resources, Shandong University (Qingdao, China). EPS1-1 was obtained according to a previously reported method.[@CIT0008] Briefly, *R. nigricans* was cultured in potato dextrose broth at 28°C and 130 rpm for 10 days. The fermentation liquor was precipitated with three volumes of 95% ethanol overnight at 4°C. The precipitate was dissolved in distilled water for deproteinization by the savage method and decoloration by D301R resin, followed by dialysis and lyophilization. The colorless powder was further purified using DEAE-Sepharose column (1.6 cm × 20 cm), Sephadex G-100 column (1.6 cm × 60 cm), and Sephadex G-50 column (1.6 cm × 60 cm). The exopolysaccharide obtained was named EPS1-1.

Animal Experiments {#S0002-S2003}
------------------

The animal studies were performed in accordance with the regulations of the Affairs Concerning Experimental Animals of China and the Ethics Committee of Shandong University with the approval number SYDWLL-2018-12. Mouse-colitis-associated colorectal cancer was induced according to a previously described method.[@CIT0009] Thirty healthy male BALB/c mice (4--6 weeks old, body weight 18--22 g) were obtained from Beijing Vital River Laboratories Co. (Beijing, China). The mice were adapted to a new environment (25 ± 2°C, 40 ± 10% relative humidity, and a 12:12 light dark cycle) for a week and had free access to water and food. As shown in [Figure 1A](#F0001){ref-type="fig"}, mice were randomized into three groups: Model group (n = 10), intraperitoneally injected with AOM (10 mg/kg) and fed 2.5% DSS after a week for seven days and then normal water for 2 weeks for four cycles; EPS1-1 group (n = 10), orally treated with EPS1-1 (180 mg/kg) daily from the first day of the first cycle till the end; Control group (n = 10), free access to regular water and food. At the end of the experimental procedure, all mice were sacrificed and intestinal tissue samples (from cecum to the anal verge) were collected for metabolomic data analysis. Sera samples were used for the measurement of blood lipids. All samples were stored at −80°C until additional analysis.Figure 1Effect of EPS1-1 on AOM/DSS-induced colorectal cancer. (**A**) Experimental procedure of a murine model of colorectal cancer induced by AOM/DSS. (**B**) Macroscopic photos of colon tissues in the Control, Model, and EPS1-1 groups. (**C**) Number of tumors in the Control, Model, and EPS1-1 groups was counted. Compared to the Model group, \*\**p* \< 0.01.

Extraction of Metabolites {#S0002-S2004}
-------------------------

Frozen intestinal tissues (100 mg) were individually ground with liquid nitrogen, following which 200 μL of L-2-chlorophenylalanine was added to the powder. 400 μL of precooled 80% methanol was added to 100 μL of each homogenate, followed by vortexing. Samples were incubated at −20°C for 60 mins and then centrifuged at 14,000 g at 4°C for 15 mins. The supernatants were transferred to a fresh microcentrifuge tube and dried under vacuum in a centrifugal evaporator. Dried metabolite pellets were redissolved in 80% methanol and analyzed by LC-MS/MS.

LC-MS/MS Analysis {#S0002-S2005}
-----------------

LC-MS/MS analysis was performed using a Vanquish UHPLC system (Thermo Fisher) coupled with an Orbitrap Q Exactive HF-X mass spectrometer (Thermo Fisher) operating in the data-dependent acquisition (DDA) mode. Samples were injected onto an Accucore HILIC column (100 × 2.1 mm, 2.6 μm) using a 20-mins linear gradient at a flow rate of 0.3 mL/min. The eluents of the positive polarity mode were eluent A (0.1% FA in 95% CAN, 10 mM ammonium acetate) and eluent B (0.1% FA in 95% CAN, 10 mM ammonium acetate). The eluents of the negative polarity mode were eluent A (95% CAN, 10 mM ammonium acetate, pH 9.0) and eluent B (50% CAN, 10 mM ammonium acetate, pH 9.0). The solvent gradient was set as follows: 2% B, 1 min; 2--50% B, 16.5 mins; 50--2% B, 2.5 mins. Q-Exactive Hf-X mass spectrometer was operated in positive/negative polarity mode with spray voltage of 3.2 kV, capillary temperature of 320°C, sheath gas flow rate of 35 arb, and aux gas flow rate of 10 arb.

Data Processing and Multivariate Data Analysis {#S0002-S2006}
----------------------------------------------

The acquired raw data from LC-MS/MS analysis were imported to the CD search library. Data pretreatment procedures such as peak detection, deconvolution, normalization, alignment, denoising, and data reduction were performed to obtain a list of mass and retention times corresponding to all the detected peaks from each data file in the data set. SIMCA_P software was used for principal component analysis (PCA) for showing the distribution of origin data, and PLS-DA was used to check the model's validity. Based on variable importance in the projection (VIP) threshold of 1 from the PLS-DA model, metabolites responsible for the difference between the AOM/DSS-induced CRC mice and the other two groups could be obtained. In parallel, the metabolites identified by the OPLS-DA model were validated at a univariate level using the S-plots. Metabolic pathways were identified using Kyoto Encyclopedia of Genes and Genomes (KEGG) and MetPA. Statistical significance analysis was performed using SPSS 17.0 software (SPSS 17.0 (SPSS Inc., Chicago, IL)). Multiple group comparisons were tested using one-way analysis of variance (ANOVA) followed by Dunnett's test. *p*-value \<0.05 was considered to be statistically significant.

Results {#S0003}
=======

EPS1-1 Inhibits Tumor Growth in AOM/DSS-Induced Colorectal Cancer Tissues {#S0003-S2001}
-------------------------------------------------------------------------

To demonstrate the anti-CRC properties of EPS1-1, a mouse model induced by AOM/DSS was generated as described previously ([Figure 1A](#F0001){ref-type="fig"}). Thirty male BALB/c mice were sacrificed at the end of the experiment and colon tissues were collected. As shown in [Figure 1B](#F0001){ref-type="fig"} and [C](#F0001){ref-type="fig"}, mice in EPS1-1 group demonstrated a significant decrease in the number of colon tumors as compared with the Model group, which are consistent with our previous reports.[@CIT0009] This suggests that EPS1-1 can effectively suppress AOM/DSS-induced colorectal cancer tumorigenesis.

LC-MS/MS Metabolite Analysis {#S0003-S2002}
----------------------------

Typical LC-MS/MS total ion current (TIC) chromatograms of colonic tissue samples from Control, Model, and EPS1-1 groups are shown in [Figure 2](#F0002){ref-type="fig"}. Majority of the peaks in the TIC profiles were identified by their retention times, mass spectra characteristics, and the LECO Fiehn Metabolomics Library. As shown in [Figure 2](#F0002){ref-type="fig"}, peaks among the three groups presented various differences, suggesting that the TIC chromatograms could mirror the distinction among the three groups.Figure 2Representative LC-MS/MS total ion current (TIC) chromatograms of the three groups. (**A**) Control group; (**B**) Model group; (**C**) EPS1-1 group.

Statistical Comparison of Metabolites in the Three Groups {#S0003-S2003}
---------------------------------------------------------

To evaluate the effect of EPS1-1 on induced colorectal cancer mice, metabolomic data analysis was performed. PLS-DA was used to obtain a higher level of group separation, and hence, get a better understanding of variables responsible for classification. As shown in [Figure 3](#F0003){ref-type="fig"}, the PLS-DA score parameters were as follows: R2Y = 0.98, Q2Y = 0.2 for Model vs Control; R2Y = 0.98, Q2Y = 0.24 for EPS1-1 vs Control; and R2Y = 0.98, Q2Y = −0.04 for EPS1-1 vs Model ([Figure 3A](#F0003){ref-type="fig"}--[C](#F0003){ref-type="fig"}). These data indicate that the model was stable. To further validate our model, a signal 10-fold cross-validation was performed to evaluate the robustness and the predictive ability of the model.[@CIT0020] The R2 and Q2 intercept values were 0.95 and −0.78 ([Figure 3D](#F0003){ref-type="fig"}), 0.96 and −0.7 ([Figure 3E](#F0003){ref-type="fig"}), and 0.94 and −0.59 ([Figure 3F](#F0003){ref-type="fig"}) after 200 permutations for Model vs Control, EPS1-1 vs Control, and EPS1-1 vs Model, respectively. The low values of Q2 intercept highlighted the robustness of the models, and thus demonstrated a lower risk of over fitting.[@CIT0021] Therefore, these data indicate that the PLS-DA model could be used to identify differences among the three groups.Figure 3PLS-DA score plots (**A--C**), validation plots of PLS-DA valid (**D--F**) derived from LC-MS/MS metabolite profiles of Model vs Control (**A** and **D**), EPS1-1 vs Control (**B** and **E**), EPS1-1 vs Model (**C** and **F**).

Metabolite Analysis Among the Three Groups {#S0003-S2004}
------------------------------------------

In this study, we detected 1257, 1257, and 1288 altered compounds for Model vs Control, EPS1-1 vs Control, and Model vs EPS1-1, respectively. Among these, the number of identified metabolites were 74, 45, and 13 for Model vs Control, EPS1-1 vs Control, and Model vs EPS1-1, respectively. A total of 19 significantly altered metabolites were identified based on *p*-values from the two-tailed student's *t*-test (*p* \< 0.05) and VIP values from the OPLS-DA models (VIP ≥ 1). However, 6 metabolites were ultimately identified as common to all three groups ([Table 1](#T0001){ref-type="table"}). These significantly altered potential metabolites were cytosine, deoxyuridine, 2-dehydro-3-deoxy-6-phospho-Dgluconic acid, 20-hydroxy-leukotriene E4, hematoporphyrin, and L-homocysteic acid. Compared with the Control group, the altered metabolites included increased cytosine, deoxyuridine, 20-hydroxy-leukotriene E4, hematoporphyrin, and L-homocysteic acid. 2-dehydro-3-deoxy-6-phospho-D-gluconic acid was decreased when compared with Model group. Furthermore, L-homocysteic acid levels were lower, whereas 2-dehydro-3-deoxy-6-phospho-D-gluconic acid levels were higher in EPS1-1 group than the Model group, indicating that significant metabolic profiling changes were induced by EPS1-1. Heatmap in [Figure 4](#F0004){ref-type="fig"} shows that the significantly altered metabolites in Model group were reversed in EPS1-1 group. The representative metabolites are displayed in box-and-whisker plots ([Figure 5](#F0005){ref-type="fig"}), along with the concentration range, median quartiles, and extremes. The change in metabolite expression upon EPS1-1 treatment is in accordance with its anti-tumor effects as demonstrated in our previous report.[@CIT0009] Table 1List of Differential Metabolites in Colonic Tissues in Model Group Relative to Control Group, and EPS1-1 Group Relative to Control GroupMetabolitesRt^a^ (Min)Model vs ControlEPS1-1 vs ControlEPS1-1 vs ModelVIP^b^p-Value^c^FC^d^VIP^b^p-Value^c^FC^d^VIP^b^p-Value^c^FC^d^Cytosine1.071.390.042.892.430.011.944.020.0020.682ʹ-Deoxyuridine2.011.690.0093.562.620.0042.703.920.0040.922-dehydro-3-deoxy-6-phospho- D-gluconic acid4.394.520.0040.052.020.011.091.090.012.1920-hydroxyleukotriene E45.601.160.022.902.880.00031.634.180.00010.74Hematoporphyrin2.251.760.0024.092.280.0016.211.430.024.72L-Homocysteic acid0.481.340.00052.791.340.021.464.050.0050.93Orotidylic acid2.031.050.020.40Docosatetraenoic acid10.751.070.00020.401.090.0030.45N-Formyl-Dkynurenine8.181.040.020.46Isobutyryl CoA3.471.500.042.81Prostaglandin H25.021.300.033.52Palmitoylcarnitine9.891.290.0060.436-Hydroxymelatonin2.111.140.042.04Dihydrofolic acid1.451.330.012.18L-Cysteinylglycine2.071.450.042.40Deoxythymidine2.081.420.012.55N-Carbamoyl- L-aspartate3.441.330.0050.42Hypoxanthine0.641.550.042.32Bis(5ʹ-guanosyl) tetraphosphate2.561.950.022.89[^1] Figure 4Heatmap indicates metabolic changes in the three groups (Control group, Model group, EPS1-1 group). Shades of red and blue represent fold increase and fold decrease of a metabolite, respectively. (**A**) Control group; (**B**) Model group: (**C**) EPS1-1 group.Figure 5Box-and-whisker plots illustrating discrimination among the Control group, Model group, and EPS1-1 group. Horizontal line in the middle portion of the box, median; bottom and top boundaries of boxes, 25th and 75th percentiles, respectively; lower and upper whiskers, the minimum and maximum value, respectively. (**A**) 2ʹ-Deoxyuridine; (**B**) Cytosine; (**C**) 20-Hydroxy-leukotriene E4; (**D**) Hematoporphyrin; (**E**) L-Homocysteic acid; (**F**) 2-dehydro-3-phospho-D-gluconic acid (DKHP).

Analyses of Perturbed Metabolic Pathways {#S0003-S2005}
----------------------------------------

Metabolomics analysis demonstrates not only individual metabolite variations, but also provides a holistic view of metabolic variations induced by biologically functional substances.[@CIT0022] In the present study, MetPA was used to identify the pathways involved in the anti-tumor effects of EPS1-1 on AOM/DSS-induced colorectal cancer. Enriched pathways related to the altered metabolites were identified through KEGG and literature review, and included biosynthesis of unsaturated fatty acids, pyrimidine metabolism, phenylalanine metabolism, tryptophan metabolism, inositol phosphate metabolism, arginine and proline metabolism, phenylpropanoid biosynthesis, fatty acid metabolism, and folate biosynthesis. Next, we listed six altered metabolic pathways with *p*-value \<0.1, including biosynthesis of unsaturated fatty acids, pyrimidine metabolism, phenylalanine metabolism, fatty acid metabolism, folate biosynthesis, and inositol phosphate metabolism ([Table 2](#T0002){ref-type="table"} and [Figure 6](#F0006){ref-type="fig"}). Our results suggest that these six metabolic pathways represent the potential mechanisms underlying the anti-tumor effects of EPS1-1 on AOM/DSS-induced colorectal cancer in mice. Table 2List of Differential Metabolic Pathways in Colonic Tissues in Three GroupsMap IDMap TitleP-valueMap01040Biosynthesis of unsaturated fatty acids0.01Map00240Pyrimidine metabolism0.06Map00360Phenylalanine metabolism0.001Map01212Fatty acid metabolism\<0.001Map00790Folate biosynthesis0.06Map00562Inositol phosphate metabolism0.09 Figure 6Potential metabolic pathways related to AOM/DSS-induced colorectal cancer. (**A**) Model group vs Control group; (**B**) EPS1-1 group vs Control group.

Discussion {#S0004}
==========

Numerous studies in recent years have revealed that malignant tumors are closely related to altered metabolism, including pathways such as cell signaling, glycolysis, and respiration (known as the Warburg effect).[@CIT0023]--[@CIT0025] Previous studies showed that EPS1-1 could significantly inhibit tumor growth in AOM/DSS-induced colorectal cancer in mice.[@CIT0009] In the past, urine and blood are the most frequently studied samples among a diverse range of types involved in human metabolomics studies.[@CIT0026] In this study, we aimed to provide a better understanding of the underlying mechanisms and to identify the differential metabolites via metabolomics profiling of mice colon tissues with AOM/DSS-induced colorectal cancer. Using LC/MS-based metabolomics, metabolome profiles were generated that showed significant variations in the Model group. The PLS-DA models derived from our metabolomic data were able to differentiate the Model group and EPS1-1 group from the Control group, highlighting the diagnostic potential of this noninvasive analytical approach. LC-MS/MS-based metabonomic study identified significant variations in the AOM group, which were characterized by 19 differentially expressed metabolites in mice colonic tissue. Differentially expressed metabolites are listed in [Table 1](#T0001){ref-type="table"}. Heatmap ([Figure 4](#F0004){ref-type="fig"}) and box-and-whisker plots ([Figure 5](#F0005){ref-type="fig"}) show less significant fluctuations in metabolite levels in the EPS1-1 group, indicating that EPS1-1 is able to alleviate the AOM/DSS-induced metabolic perturbation in mice. The differential metabolites identified by MetPA mainly include docosatetraenoic acid, 2ʹ-deoxyuridine, cytosine, palmitoylcarnitine, 7,8-dihydrofolic acid (DHF), and 2-dehydro-3-deoxy-6-phospho-D-gluconic acid, which are involved in the biosynthesis of unsaturated fatty acids, pyrimidine metabolism, phenylalanine metabolism, fatty acid metabolism, folate biosynthesis, and inositol phosphate metabolism ([Table 2](#T0002){ref-type="table"} and [Figure 6](#F0006){ref-type="fig"}).

2ʹ-deoxyuridine, an important intermediate product of pyrimidine metabolism, is the downstream product of dUMP. It has been reported that iodine-labeled 2ʹ-deoxythymidine is highly expressed in small intestine and liver in tumor-bearing mice using a tracking technique.[@CIT0027] Compared with the Control group, 2ʹ-deoxyuridine was increased in the Model group, and serve as a tumor marker.

7,8-dihydrofolic acid (DHF) is a metabolite of the folic acid pathway. It was previously reported that DHF, like folate, could induce apoptosis in colon cancer cells by decreasing the protein expression of IGF-IR. This suggested that DHF is a potential anti-cancer substance.[@CIT0028] In our experiments, treatment with EPS1-1 significantly induced the expression of DHF, indicating that EPS1-1 could induce DHF production to suppress tumor growth, thus showing the anti-tumor activity.

In recent years, studies have indicated that tumor growth is closely related to tryptophan metabolism.[@CIT0029] Tryptophan affects tumor growth in vivo via two metabolic pathways: serotonin metabolism and kynurenine metabolism. Kynurenine metabolism is the main metabolic pathway associated with tryptophan and plays an important role in immune system function. N-formylkynurenine is the precursor substance of kynurenine.[@CIT0029] The level of N-formyl-kynurenine was significantly reduced in the Model group compared with Control group, suggesting that tryptophan metabolism was significantly disrupted and immune system functions were affected in AOM/DSS-induced colorectal cancer mice. In addition, serotonin metabolism is closely related to the nervous system and serves as an important neurotransmitter, 5-HT.[@CIT0030] 6-hydroxymelatonin is a metabolite of the serotonin metabolic pathway. Compared with Control group, we found that the level of 6-hydroxymelatonin was significantly increased in the EPS1-1 group, indicating that EPS1-1 could alleviate AOM/DSS-induced colorectal cancer through the serotonin metabolic pathway.

Cyclooxygenases (COXs) are key enzymes mediating the conversion of free arachidonic acid into prostaglandins H2 (PGH2), which are the precursors of molecules such as prostaglandins, prostacyclin, and thromboxanes.[@CIT0031] COX-2 is upregulated in inflammatory and neoplastic states and catalyzes the synthesis of PGH2.[@CIT0032],[@CIT0033] High levels of the PGH2 were seen in the Model group compared with Control group. Proglumide, a gastrin and cholecystokinin receptor antagonist, has been shown to inhibit growth of transplantable murine colon carcinoma and to prolong survival in tumor-bearing mice.[@CIT0034] The level of proglumide was significantly decreased in AOM/DSS-induced mice compared with Control mice. Hematoporphyrin is an endogenous porphyrin produced by hydrolysis of hemoglobin. It has been reported that hematoporphyrin could inhibit the proliferation of tumor cells.[@CIT0035]--[@CIT0037] The level of hematoporphyrin in EPS1-1 group was higher than the Model group, showing that EPS1-1 could induce the production of hematoporphyrin to suppress the growth of colorectal cancer cells.

A notable feature of the metabolic profile of the Model group was disrupted nucleic acid metabolism, as characterized by the increased levels of deoxyuridine and cytosine in colonic tissue.

In summary, we performed global tissue profiling and identified altered metabolites in mice with AOM/DSS-induced colorectal cancer. EPS1-1 was able to attenuate AOM/DSS-induced metabolic perturbations. It also appears that EPS1-1 induced significant metabolic alterations independent of the AOM/DSS-induced metabolic changes. Collectively, our results indicated that EPS1-1 can serve as a potential therapeutic agent for the treatment of colorectal cancer.

Strength and Limitation of This Study {#S0005}
=====================================

The strength of this study lies in the use of two analytical techniques -- LC and MS/MS. LC-MS/MS possesses high sensitivity and high unit mass accuracy to identify a number of metabolites. It can also conduct sophisticated library searches and/or sum formula calculations. A limitation of our study was the small sample size. For follow-up studies, we would expand the number of induced mice to identify additional cancer biomarkers.
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[^1]: **Notes:** ^a^Rt: Retention time. ^b^VIP, also named variable importance in the projection, was obtained from PLS-DA model with a threshold of 1.0. ^c^p-Value was calculated from Wilcoxon-Mann--Whitney test. ^d^FC, also named fold change, was obtained by comparing those metabolites in two groups.
